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(54) LANDING AN UNMANNED AERIAL VEHICLE IN A CONTINGENCY SCENARIO

(57)  An apparatus is provided for causing an un-
manned aerial vehicle (UAV) to perform a contingency
landing procedure. The apparatus includes memory and
processing circuitry configured to cause the apparatus
to at least determine candidate safe landing zones
(SLZs) within an estimated current range of the UAV.
Trajectories are generated for landing the UAV in respec-
tive ones of the candidate SLZs. Risk values are calcu-
lated that quantify third-party risk associated with oper-

ation of the UAV along respective ones of the trajectories
to the respective ones of the candidate SLZs. A flight
termination risk value is calculated that quantifies
third-party risk associated with immediately landing the
UAV at the current position. The lowest of the risk values
is compared with the flight termination risk value, and a
sequence is executed to operate the UAV along the tra-
jectory to the selected one of the candidate SLZs, or im-
mediately land the UAV.
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Description
BACKGROUND

[0001] The presentdisclosure relates generally to unmanned aerial vehicles, and in particular to landing an unmanned
aerial vehicle in a contingency scenario. Aircraft, particularly light aircraft and unmanned aerial vehicles (UAVs), often
encounter contingencies that present obstacles to fulfilling a mission objective due to internal failures or unexpected
changes of external circumstances. For example, a lost communication link or navigation capability are contingencies
that can occur during UAV operation, and are driving scenarios for decision-making in some contingency situations. A
lost communication link may render a UAV unable to communicate with a ground control station (GCS) from which the
UAV may otherwise be remotely controlled. A loss of navigation capability may leave a UAV unable to follow commanded
waypoints or trajectories, requiring manual control from a remote pilot-in-command at the GCS.

[0002] A contingency scenario may require a UAV to land at a location other than its intended landing site, but for
UAVs flying over some terrains, this may present a significant challenge. Current techniques for landing a UAV in a
contingency scenario include simple "return to home" (RTH) functions that send the UAV back to the location it took off
from on a straight path above a specified altitude; alternate landing sites for this RTH function, with the closest one used
instead of the takeoff location (also called "rally points"); or so-called "backtracking," in which the UAV follows its previous
flight path or parts of it to reach either the takeoff location or an alternate site, following only previously flown paths.
These solutions, however, do not consider third-party risk (risk to third parties) such as risk to people, road traffic, aircraft,
structures and the like, in the spatial surroundings of the UAV. Existing solutions are therefore often less than desired
in certain environments such as urban and suburban environments.

[0003] Therefore it would be desirable to have a system and method that takes into account at least some of the issues
discussed above, as well as other possible issues.

BRIEF SUMMARY

[0004] Example implementations of the present disclosure are directed to an improved technique for landing an un-
manned aerial vehicle (UAV) in a contingency scenario. Example implementations provide a contingency management
system and procedure for a UAV that may improve operational safety with respect to the risk exhibited to third parties
in the air and on the ground by enabling automated landings in contingency situations.

[0005] The procedure in some example implementations may follow a systematic approach based on a tiered quan-
titative risk assessment conducted by analyzing data covering factors affecting risk. This may enable use of data-driven
risk assessments in handling contingencies. Safe landing zones (SLZs) may be introduced as alternate landing sites as
a means to avoid flight termination or landings in unsafe areas in situations where a planned mission cannot continue.
[0006] The present disclosure thus includes, without limitation, the following example implementations.

[0007] Some example implementations provide a method of performing a contingency landing procedure for an un-
manned aerial vehicle (UAV), the method comprising: determining candidate safe landing zones (SLZs) within an esti-
mated current range of the UAV from a current position; generating trajectories for landing the UAV in respective ones
of the candidate SLZs based on environmental and operational factors that affect flight of the UAV from the current
position to the respective ones of the candidate SLZs; calculating risk values that quantify third-party risk associated
with operation of the UAV along respective ones of the trajectories to the respective ones of the candidate SLZs, a lowest
of the risk values associated with a trajectory from the current position to a selected one of the candidate SLZs; calculating
a flight termination risk value that quantifies third-party risk associated with immediately landing the UAV at the current
position; performing a comparison of the lowest of the risk values with the flight termination risk value; and executing a
sequence to operate the UAV along the trajectory to the selected one of the candidate SLZs, or immediately land the
UAV at the current position, based on the comparison.

[0008] Insome example implementations of the method of any preceding example implementation, or any combination
of any preceding example implementations, the UAV is part of an unmanned aerial system that also includes a ground
control station (GCS), the method is performed onboard the UAV, and the sequence is autonomously executed without
input from the GCS.

[0009] Insome example implementations of the method of any preceding example implementation, or any combination
of any preceding example implementations, the UAV is part of an unmanned aerial system that also includes a ground
control station (GCS), the method is performed at the GCS, and the sequence is executed through remote control of
the UAV from the GCS.

[0010] Insome example implementations of the method of any preceding example implementation, or any combination
of any preceding example implementations, the method further comprises: generating or receiving a risk map of a
geographic area of operation of the UAV, the risk map including risk zones with respective risk categories having
respective risk weighting factors that quantify third-party risk associated with operation of the UAV in the risk zones,
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wherein the trajectories intersect various ones of the risk zones, and the risk values are calculated based on the respective
risk weighting factors.

[0011] Insome example implementations of the method of any preceding example implementation, or any combination
of any preceding example implementations, generating the trajectories includes for a candidate SLZ, interpolating a
straight line from the current position to the candidate SLZ and thereby generating a trajectory to the candidate SLZ,
and calculating the risk values includes for the trajectory: separating the trajectory into segments at points of intersection
with one or more of the risk zones; and calculating a risk value for the candidate SLZ from the segments and risk weighting
factors for the one or more of the risk zones.

[0012] Insome example implementations of the method of any preceding example implementation, or any combination
of any preceding example implementations, the straight line is a certain distance and includes a total number of discrete
points over the certain distance, and separating the trajectory includes for each risk zone of the one or more risk zones:
determining a ratio of a number of discrete points on the trajectory located inside the risk zone to the total number of
the discrete points of the trajectory; and calculating the product of the ratio and the certain distance and thereby an
intersection length of the risk zone.

[0013] Insome example implementations of the method of any preceding example implementation, or any combination
of any preceding example implementations, calculating the risk value for the candidate SLZ includes: calculating risk-
zone risk values for respective ones of the one or more risk zones, a risk-zone risk value for the risk zone being the
product of the intersection length of the risk zone and a risk weighting factor of a risk category of the risk zone; and
summing the risk-zone risk values to calculate the risk value for the candidate SLZ.

[0014] Insome example implementations of the method of any preceding example implementation, or any combination
of any preceding example implementations, the sequence is executed to operate the UAV along the trajectory to the
selected one of the candidate SLZs, and utilizing an updated current position along the trajectory, the method further
comprises: generating or receiving an updated risk map of the geographic area of operation of the UAV, the updated
risk map including the risk zones with respective updated risk categories having respective updated risk weighting factors;
calculating an updated lowest of the risk values and an updated flight termination risk value based on the respective
updated risk weighting factors; and interrupting the sequence to immediately land the UAV at the updated current position
when the updated lowest of the risk values is greater than the updated flight termination risk value.

[0015] Insome example implementations of the method of any preceding example implementation, or any combination
of any preceding example implementations, the sequence is executed to operate the UAV along the trajectory to the
selected one of the candidate SLZs when the lowest of the risk values is less than or equal to the flight termination risk
value, and to immediately land the UAV at the current position when the lowest of the risk values is greater than the
flight termination risk value.

[0016] Insome example implementations of the method of any preceding example implementation, or any combination
of any preceding example implementations, the sequence is executed to operate the UAV along the trajectory to the
selected one of the candidate SLZs, and utilizing an updated current position along the trajectory, the method further
comprises: calculating an updated lowest of the risk values and an updated flight termination risk value; and interrupting
the sequence to immediately land the UAV at the updated current position when the updated lowest of the risk values
is greater than the updated flight termination risk value.

[0017] Insome example implementations of the method of any preceding example implementation, or any combination
of any preceding example implementations, the sequence is executed to operate the UAV along the trajectory to the
selected one of the candidate SLZs, and utilizing an updated current position along the trajectory, the method further
comprises: determining updated candidate SLZs within an updated estimated current range of the UAV from the updated
current position, the updated candidate SLZs including the selected one of the candidate SLZs; generating updated
trajectories for landing the UAV in respective ones of the updated candidate SLZs; calculating updated risk values and
an updated flight termination risk value, a lowest of the updated risk values associated with an updated trajectory from
the updated current position to a selected one of the updated candidate SLZs; performing a comparison of the lowest
of the updated risk values with the updated flight termination risk value; and executing an updated sequence to operate
the UAV along the updated trajectory to the selected one of the updated candidate SLZs, or immediately land the UAV
at the updated current position, based on the comparison.

[0018] Some example implementations provide an apparatus for causing an unmanned aerial vehicle (UAV) to perform
a contingency landing procedure, the apparatus comprising a memory configured to store computer-readable program
code; and processing circuitry configured to access the memory and execute the computer-readable program code to
cause the apparatus to at least perform the method of any preceding example implementation, or any combination of
any preceding example implementations.

[0019] Some example implementations provide a computer-readable storage medium for causing an unmanned aerial
vehicle (UAV) to perform a contingency landing procedure, the computer-readable storage medium being non-transitory
and having computer-readable program code stored therein that, in response to execution by processing circuitry, causes
an apparatus to at least perform the method of any preceding example implementation, or any combination of any
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preceding example implementations.

[0020] These and other features, aspects, and advantages of the present disclosure will be apparent from a reading
of the following detailed description together with the accompanying figures, which are briefly described below. The
present disclosure includes any combination of two, three, four or more features or elements set forth in this disclosure,
regardless of whether such features or elements are expressly combined or otherwise recited in a specific example
implementation described herein. This disclosure is intended to be read holistically such that any separable features or
elements of the disclosure, in any of its aspects and example implementations, should be viewed as combinable unless
the context of the disclosure clearly dictates otherwise.

[0021] It will therefore be appreciated that this Brief Summary is provided merely for purposes of summarizing some
example implementations so as to provide a basic understanding of some aspects of the disclosure. Accordingly, it will
be appreciated that the above described example implementations are merely examples and should not be construed
to narrow the scope or spirit of the disclosure in any way. Other example implementations, aspects and advantages will
become apparent from the following detailed description taken in conjunction with the accompanying figures which
illustrate, by way of example, the principles of some described example implementations.

BRIEF DESCRIPTION OF THE FIGURE(S)

[0022] Havingthus described example implementations of the disclosure in general terms, reference will now be made
to the accompanying figures, which are not necessarily drawn to scale, and wherein:

FIG. 1A illustrates a system including an unmanned aerial vehicle (UAV), according to example implementations of
the present disclosure;

FIG. 1B illustrates the UAV of FIG. 1A having trajectories to respective safe landing zones, according to example
implementations of the present disclosure;

FIG. 2 illustrates a portion of a risk map having a plurality of risk zones, according to example implementations of
the present disclosure;

FIGS. 3A, 3B, 3C and 3D are flowcharts illustrating various steps in a method of performing a contingency landing
procedure for a UAV, according to example implementations of the present disclosure;

FIGS. 4A and 4B illustrate a flowchart of various steps in a method of performing a contingency landing procedure
for a UAV, according to more particular example implementations of the present disclosure; and

FIG. 5 illustrates an apparatus according to some example implementations of the present disclosure.

DETAILED DESCRIPTION

[0023] Some implementations of the present disclosure will now be described more fully hereinafter with reference to
the accompanying figures, in which some, but not all implementations of the disclosure are shown. Indeed, various
implementations of the disclosure may be embodied in many different forms and should not be construed as limited to
the implementations set forth herein; rather, these example implementations are provided so that this disclosure will be
thorough and complete, and will fully convey the scope of the disclosure to those skilled in the art. For example, unless
otherwise indicated, reference something as being a first, second or the like should not be construed to imply a particular
order. Also, something may be described as being above something else (unless otherwise indicated) may instead be
below, and vice versa; and similarly, something described as being to the left of something else may instead be to the
right, and vice versa. Like reference numerals refer to like elements throughout.

[0024] Example implementations of the present disclosure are directed to unmanned aerial vehicles (UAVs), and in
particular to data-driven, risk-minimizing route finding and landing of a UAV in a contingency scenario. Some example
implementations of the present disclosure employ discretized trajectories to user-defined safe landing zones (SLZs),
and selected risk weighting factors, to calculate a risk value based on risk mapping of an operating area of the UAV. As
described herein, an SLZ is a landing zone (i.e., an area where the UAV can land) that has been designated as safe
(low risk) in the event of a contingency scenario. Calculating risk values may allow for a comparison between multiple
mission abort options to ascertain a most-desirable response to a specific contingency.

[0025] FIG. 1Aillustrates a system according to example implementations of the present disclosure. The system may
include any of a number of different subsystems (each an individual system) for performing one or more functions or
operations. Although shown as part of the system, it should be understood that any one or more of the subsystems may
function or operate as a separate system. It should also be understood that the system may include one or more additional
or alternative subsystems than those shown in FIG. 1A.

[0026] Asshownin FIG. 1A, in some examples, the system 100 includes an unmanned aerial system (UAS) 101 with
a UAV 110 and a ground control station (GCS) 130 from which the UAV may be remotely controlled. In this regard, the
UAV and GCS may communicate via a communication link. Additionally, the UAS includes an apparatus 120 that may
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be located onboard the UAV or at the GCS. Or in some examples, a first apparatus may be located onboard the UAV,
and a second apparatus may be located at the GCS.

[0027] In accordance with example implementations of the present disclosure, the apparatus 120 is for causing the
UAV 110 to perform a contingency landing procedure. In this regard, the apparatus in some examples is configured to
determine candidate SLZs 190 within an estimated current range of the UAV from a current position 112 (of the UAV),
as shown in FIG. 1B. In these examples, the apparatus is configured to generate trajectories 170 for landing the UAV
in respective ones of the candidate SLZs based on environmental and operational factors that affect flight of the UAV
from the current position to the respective ones of the candidate SLZs.

[0028] In some examples, the trajectories 170 are or include one or more straight lines. In other examples, however,
trajectories may be a non-straight-line or indirect trajectory. In this regard, one or more of the trajectories may be generated
utilizing an algorithm that takes into account internal and external factors such as the terrain/topography, obstacles that
should be avoided by the UAV 110, current wind direction and speed compared with the performance of the UAV, as
well as the estimated current range of the UAV based on its current power level (the power needed to reach the SLZ
following the generated trajectory). Examples of suitable algorithms include A-star, Voronoi graphs, and Rapidly Exploring
Random Trees.

[0029] The apparatus 120 is configured to calculate risk values that quantify third-party risk associated with operation
of the UAV 110 along respective ones of the trajectories 170 to the respective ones of the candidate SLZs 190. Here,
alowest of the risk values is associated with a trajectory from the current position 112 to a selected one of the candidate
SLZs. The apparatus is also configured to calculate a flight termination risk value that quantifies third-party risk associated
with immediately landing the UAV at the current position.

[0030] Theapparatus 120 is configured to perform acomparison of the lowest of the risk values with the flight termination
risk value. And based on the comparison, the apparatus is configured to execute a sequence to operate the UAV 110
along the trajectory to the selected one of the candidate SLZs 190, orimmediately land the UAV at the current position
112. In some examples in which the UAV 110 includes the apparatus 120, the apparatus is configured to autonomously
execute the sequence without input from the GCS 130. In other examples in which the apparatus is included in the GCS,
the apparatus is configured to execute the sequence through remote control of the UAV from the GCS.

[0031] In some examples, the apparatus 120 is further configured to generate or receive a risk map of a geographic
area of operation of the UAV 110. The risk map includes risk zones with respective risk categories having respective
risk weighting factors that quantify third-party risk associated with operation of the UAV 110 in the risk zones. In these
examples, the trajectories 170 intersect various ones of the risk zones, and the risk values are calculated based on the
respective risk weighting factors.

[0032] FIG. 2 illustrates a portion of a risk map 200 according to example implementations of the present disclosure.
The risk map 200 includes risk zones 220 (also referred to as risk zone polygons) that may be visually differentiated by
various means such as color, pattern, shape, etc. In the illustrated example, the risk map includes risk zones 220A,
220B, 220C and 220D (one of each being labeled) with respective risk categories having respective risk weighting factors.
[0033] In some further examples in which the trajectories 170 are or include straight lines, for a candidate SLZ 190,
the apparatus 120 is configured to interpolate a straight line from the current position 112 to the candidate SLZ and
thereby generate a trajectory to the candidate SLZ. In some of these examples, the apparatus is configured to separate
the trajectory into segments at points of intersection with one or more of the risk zones 220 (shown in FIG. 2 as segments
170A and 170B respectively intersecting risk zones 220C and 220D), and calculate a risk value for the candidate SLZ
from the segments and risk weighting factors for the one or more of the risk zones. This may be achieved through a
discretization of the trajectory by interpolation of a two-dimensional straight line segment between the current position
of the UAV 110 and the SLZ. A cost function may then be used to compute a risk value from the intersecting segments
and the risk weighting factors.

[0034] In some even further examples, the straight line of the trajectory 170 is a certain distance and includes a total
number of discrete points over the certain distance. In these examples, separation of the trajectory includes, for each
risk zone 220 of the one or more risk zones, the apparatus 120 configured to determine a ratio of a number of discrete
points on the trajectory located inside the risk zone to the total number of the discrete points of the trajectory. The
apparatus is then configured to calculate the product of the ratio and the certain distance and thereby an intersection
length of the risk zone.

[0035] In some yet even further examples, the apparatus 120 is configured to calculate risk-zone risk values for
respective ones of the one or more risk zones 220. In these examples, a risk-zone risk value for the risk zone is the
product of the intersection length of the risk zone and a risk weighting factor of a risk category of the risk zone. In these
yet even further examples, the apparatus 120 is configured to sum the risk-zone risk values to calculate the risk value
for the candidate SLZ 190.

[0036] As indicated above, in some examples, calculation of the risk value associated with each SLZ 190 includes
separation of the trajectory 170 into segments (e.g., segments 170A & 170B) intersecting respective risk zones 220.
This may be achieved through a discretization of the trajectory by interpolation of the two-dimensional straight line
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segment between the current position of the UAV 110 and the SLZ. In this regard, a trajectory 170 may include a number
of discrete points along its length, and a risk zone 220 may be formed of edges connected at vertices to form a closed,
polygon shape. The apparatus 120 may determine if a point on the trajectory is located inside a given risk zone 220
defined by its vertices, in some examples according to a crossing numbers algorithm such as Franklin’s PNPOLY
algorithm. More specifically, the fraction of discrete points on the trajectory located inside a risk zone in relation to all of
the discrete points on trajectory may be calculated as follows:

Pk, j
fioj =—2 (Eq. 1)
qx

In Eq. 1, fy; is the fraction of the trajectory to the kth SLZ, within the jth risk zone, py ;is the number of discrete points
on the trajectory located inside the risk zone, and g, is the total number of discrete points on the trajectory.

[0037] The apparatus 120 may calculate the product of the ratio fk,/- and the certain distance S of the straight line
from the current position 112 to the SLZ 190, and thereby the intersection length of the jth risk zone for the kth SLZ,
such as according to the equation:

Skj = fej* Sk (Eq. 2)

where Sy ; is the intersection length of the jth risk zone for the kth SLZ.

[0038] The apparatus 120 may further calculate a risk-zone risk value for the risk zone 220 using a cost function in
which the intersection length of the risk zone S is multiplied by a risk weighting factor of the risk category of the jth risk
zone (calculated as the product). This may be repeated for other risk zones intersected by the trajectory 170 to the kth
SLZ to calculate respective risk-zone risk values for the risk zones, which may then be summed to calculate the risk
value for the SLZ.

[0039] In some examples, the risk zones intersected by the trajectory 170 may be grouped by risk category, and the
intersection length calculated per risk category. More specifically, the intersection length Sy ;to the kth SLZ (of / candidate
SLZs), for the ith risk category 7'}, may be calculated as the sum of the intersection lengths SkJ- for those risk zones, such
as according to the equation:

Sei= ) suy, VRVKE{.1)
r(z)er; (Eq. 3)
VZj

[0040] The product of the intersection length S ; for the ith risk category and its respective risk weighting factor W;
may be calculated to calculate a risk-category risk value. This may be repeated for other risk categories of risk zones
intersected by the trajectory 170 to the kth SLZ to calculate respective risk-category risk values, which may then be
summed to calculate the risk value Ry, for the kth SLZ, such as according to the following for n risk categories:

n
Re= ) Wi Sy (Ea 4)
i=1

[0041] The flight termination risk value may be determined in a manner similar to above but recognizing that the UAV
110 at its current position 112 may be located inside a risk zone 220, instead of following a trajectory 170 across risk
zones. In some examples, then, the flight termination risk value corresponds to the risk weighting factor that quantifies
third-party risk associated with operation of the UAV in the risk zone in which the UAV is located at its current position.
In some example implementations, vision-based systems may be used in conjunction with or in alternative to the risk
weighting factor.

[0042] Insomeexamples,the apparatus 120 is configured to perform a comparison between the lowest of the calculated
risk values R, and the risk for flight termination Ry at the current position 112 according to the equation:
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min {mkin{Rk}, RFT] (Eq. 5)

Based on the comparison, the apparatus is caused to execute the sequence to operate the UAV 110 along the trajectory
170 to the selected one of the candidate SLZs 190 when the lowest of the risk values rnkin{Rk} is less than or equal

to the flight termination risk value Rg1, and to immediately land the UAV at the current position when the lowest of the

risk values is greater than the flight termination risk value. The apparatus may be configured to recognize when the
lowest of the risk values and the flight termination risk value are equal, and in response, execute the sequence to operate
the UAV along the trajectory to the selected one of the candidate SLZs.

[0043] In some examples in which the sequence is executed to operate the UAV 110 along the trajectory 170 to the
selected one of the candidate SLZs 190, and utilizing an updated current position 112 along the trajectory, the apparatus

120 is further configured to calculate an updated lowest of the risk values (e.g., mkin{Rk}) and an updated flight

termination risk value (e.g., Rr7). And the apparatus is configured to interrupt the sequence to immediately land the UAV

at the updated current position when the updated lowest of the risk values is greater than the updated flight termination
risk value.

[0044] Similarly, in some examples, the apparatus 120 is further configured to generate or receive an updated risk
map of the geographic area of operation of the UAV 110. The updated risk map includes the risk zones 220 with respective
updated risk categories having respective updated risk weighting factors. In this regard, one or more of the respective
updated risk categories and respective updated risk weighting factors may differ from the respective risk categories and
respective risk weighting factors of the (earlier) risk map 200. In these examples, the apparatus is configured to calculate
an updated lowest of the risk values and an updated flight termination risk value based on the respective updated risk
weighting factors. The apparatus is then configured to interrupt the sequence to immediately land the UAV at the updated
current position when the updated lowest of the risk values is greater than the updated flight termination risk value.
[0045] Additionally or alternatively, in some examples in which the sequence is executed to operate the UAV 110
along the trajectory 170 to the selected one of the candidate SLZs 190, the apparatus 120 is further configured to
determine updated candidate SLZs within an updated estimated current range of the UAV from the updated current
position 112. Here, the updated candidate SLZs include the selected one of the candidate SLZs.

[0046] In these examples, the apparatus 120 is configured to generate updated trajectories 170 for landing the UAV
110 in respective ones of the updated candidate SLZs 190, and calculate updated risk values (e.g., R,) and an updated

flight termination risk value Rg7. Similar to before, a lowest of the updated risk values (e.g., mkin{Rk}) is associated

with an updated trajectory from the updated current position 112 to a selected one of the updated candidate SLZs. The
apparatus is configured to perform a comparison of the lowest of the updated risk values with the updated flight termination
risk value. And based on the comparison, the apparatus is configured to execute an updated sequence to operate the
UAV along the updated trajectory to the selected one of the updated candidate SLZs, or immediately land the UAV at
the updated current position.

[0047] FIGS. 3A, 3B, 3C and 3D are flowcharts illustrating various steps in a method 300 of performing a contingency
landing procedure for a UAV 110, according to example implementations of the present disclosure. As shown in FIG.
3A, at block 302, the method includes determining candidate SLZs 190 within an estimated current range of the UAV
from a current position 112. As shown at block 304, the method includes generating trajectories 170 for landing the UAV
in respective ones of the candidate SLZs based on environmental and operational factors that affect flight of the UAV
from the current position to the respective ones of the candidate SLZs.

[0048] As shown at block 308, the method 300 includes calculating risk values that quantify third-party risk associated
with operation of the UAV 110 along respective ones of the trajectories 170 to the respective ones of the candidate SLZs
190, a lowest of the risk values associated with a trajectory from the current position to a selected one of the candidate
SLZs.

[0049] In some examples, the method 300 further includes generating or receiving a risk map 200 of a geographic
area of operation of the UAV 110, as shown at block 306. The risk map includes risk zones 220 with respective risk
categories having respective risk weighting factors that quantify third-party risk associated with operation of the UAV in
the risk zones. In these examples, the trajectories 170 intersect various ones of the risk zones, and the risk values are
calculated at block 306 based on the respective risk weighting factors.

[0050] As shown atblock 310, the method 300 includes calculating a flight termination risk value that quantifies third-
party risk associated with immediately landing the UAV at the current position 112.
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[0051] The method 300 further includes performing a comparison of the lowest of the risk values with the flight termi-
nation risk value, as shown atblock 312. Based on the comparison, the method includes executing a sequence to operate
the UAV 110 along the trajectory 170 to the selected one of the candidate SLZs 190, or immediately land the UAV at
the current position 112, as shown at block 314.

[0052] In some examples, generating the trajectories 170 at block 304 includes for a candidate SLZ 190, interpolating
a straight line from the current position 112 to the candidate SLZ and thereby generating a trajectory to the candidate
SLZ. In some of these examples that also include generating or receiving the risk map 200 at block 306, calculating the
risk values at block 308 includes for the trajectory, separating the trajectory into segments 170A, 170B at points of
intersection with one or more of the risk zones 220, as shown in FIG. 3B, at block 308A. A risk value for the candidate
SLZ is then calculated from the segments and risk weighting factors for the one or more of the risk zones, as shown at
block 308B.

[0053] In some further examples, the straight line is a certain distance and includes a total number of discrete points
over the certain distance. In these examples, separating the trajectory 170 at block 308A includes for each risk zone
220 of the one or more risk zones determining a ratio of a number of discrete points on the trajectory located inside the
risk zone to the total number of the discrete points of the trajectory, as shown at block 308A1. The product of the ratio
and the certain distance and thereby an intersection length of the risk zone is then calculated, as shown at block 308A2.
[0054] Similarly, in some further examples, calculating the risk value for the candidate SLZ 190 at block 308B includes
calculating risk-zone risk values for respective ones of the one or more risk zones 220, as shown at block 308B1. Here,
arisk-zone risk value for the risk zone is the product of the intersection length of the risk zone and a risk weighting factor
of a risk category of the risk zone. The risk-zone risk values are then summed to calculate the risk value for the candidate
SLZ, as shown at block 308B2.

[0055] In some examples in which the sequence is executed to operate the UAV 110 along the trajectory 170 to the
selected one of the candidate SLZs 190, and utilizing an updated current position 112 along the trajectory, the method
300 further includes calculating an updated lowest of the risk values and an updated flight termination risk value, as
shown in FIG. 3C, at block 318. In these examples, the method also includes interrupting the sequence to immediately
land the UAV at the updated current position when the updated lowest of the risk values is greater than the updated
flight termination risk value, as shown at block 320. Even further, in some examples, the method includes generating or
receiving an updated risk map 200 of the geographic area of operation of the UAV 110, as shown at block 316. The
updated risk map includes the risk zones 220 with respective updated risk categories having respective updated risk
weighting factors. In these further examples, the updated lowest of the risk values and the updated flight termination
risk value are calculated at block 318 based on the respective updated risk weighting factors.

[0056] Additionally or alternatively, in some examples, the method 300 further includes determining updated candidate
SLZs 190 within an updated estimated current range of the UAV 110 from the updated current position, the updated
candidate SLZs including the selected one of the candidate SLZs, as shown in FIG. 3D, at block 322. The method
includes generating updated trajectories 170 for landing the UAV in respective ones of the updated candidate SLZs at
block 324, and calculating updated risk values and an updated flight termination risk value, a lowest of the updated risk
values associated with an updated trajectory from the updated current position to a selected one of the updated candidate
SLZs, as shown at block 326. The method includes performing a comparison of the lowest of the updated risk values
with the updated flight termination risk value, as shown at block 328. Based on the comparison, an updated sequence
is executed to operate the UAV along the updated trajectory to the selected one of the updated candidate SLZs, or
immediately land the UAV at the updated current position, as shown at block 330.

[0057] Returningto FIG. 1A, in some example implementations, the contingency landing procedure may be considered
part of a contingency management system, which may include a pre-flight phase and an in-flight phase. During the pre-
flight phase, data relevant to a contingency event may be aggregated, and datasets may be prepared for use during the
in-flight phase. In some of these examples, the system 100 may further include a data aggregation server 140 configured
to aggregate data relevant to a contingency event from various resources such as one or more databases 160 over a
network 150, which the apparatus may be configured to prepare datasets for use during the in-flight phase. A first of the
datasets may be the risk map 200 for the area of operation (flight) of the UAV 110, and the risk map may include data
aggregated from databases 160. An automatic or semi-automatic process may be used to perform a risk assessment
(e.g., a specific operations risk assessment (SORA)). From this process, the risk map including risk zones 220 may be
produced for the area of operation of the UAV. This risk map may in some examples also include restricted flight zones
for the area of operation.

[0058] A second of the datasets may include data that defines the SLZs 190, which may be manually or automatically
assigned in areas of low third-party risk. The first, second, and any other relevant datasets may be uploaded to a flight
computer of the UAV 110 so that the data is available even in the event of a lost communication link between the UAV
and the GCS 130.

[0059] During the in-flight phase, internal system health of the UAV 110 and external factors such as weather (as
compared to system performance limits of the UAV) may be continuously monitored by various sensors on the UAV.
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Upon detection of a contingency event, the event may first be analyzed in depth by assessing the affected subsystems
of the UAS 101 and the severity of the situation. Then, an appropriate action may be decided. The decision may be
made autonomously by the UAV if there is no communication link between the UAV and the GCS 130, or the decision
may utilize input from a remote pilot-in-command (PiC). Other situations may rely on the PiC to take over complete
control of the UAV, thereby operating in a manual mode.

[0060] FIGS. 4A and 4B illustrate a flowchart of a method of performing a contingency landing procedure for a UAV,
according to more particular example implementations in which the contingency landing procedure is part of a contingency
management system. As the UAV is in flight, a contingency event may be detected, and published (e.g., event reported)
to one or more stakeholders upon detection, as shown at blocks 401 and 402 of FIG. 4A. The GCS 130 may act as an
interface to the PiC and inform the PiC of relevant information. Air Traffic Control (ATC) and other airspace users in the
vicinity of the UAV 110 may be informed in case a contingency event affects airworthiness of the UAV. ATC may be
contacted through either a direct link with the UAV or through the GCS 130. The contingency event may also be com-
municated to other aircraft nearby the UAV via ADS-B or other broadcast systems.

[0061] Detection of a contingency event may involve assessing two main capabilities of the UAS 101: the navigation
capability of the UAV 110 (e.g., a geolocation and time system such as GPS) and the connection of the UAV to the GCS
130 via the communication link, as shown at blocks 404, 406, and 408. The navigation capability (NAVCAP) may be
checked in block 404 to determine if it is fully functional, and the status of the communication link (which may be referred
to as a command-and-control link or C2 link) may also be tested. Both of these checks may yield either a positive ("up"
in block 406) or negative ("down" in block 408) result depending on platform-specific parameters and thresholds.
[0062] After both of checks are performed, the system 100 may be determined to be in one of four states, which relate
to the possible actions that can be taken in response to the contingency event and the determined state, as shown at
blocks 414 (CTL), 416 (CONTINUE MISSION), 418 (MANUAL MODE), and 420 (FT). Before proceeding when either
or both the communication link or the navigation capability are down, in some examples, the system 100 may first enter
atemporary holding mode for a specified amount of time and attempt recovery of the communication link and/or navigation
capability that is down. If successful, then, the system may return to a state in which both are up.

[0063] In some examples, nested contingencies may affect the communication link and the navigation capability at
the same time. As shown in FIG. 4A and Table | below, the outcome of the decision-making process may be one of four
actions: a contingency landing procedure, which may be fully- or semi-automatic; a command to continue the mission
(selected by a PiC for minor contingencies); manual mode (PiC takes over control of the UAV 110); and flight termination
(FT).

Table I: System States For Decision-Making Based On Contingency Event

State No. Navigation Capability =~ Comm Link  HAT Possible Outcomes

1 Up Down No contingency landing

2 Up Up Yes contingency landing, continue mission, manual mode
3 Down Up Yes manual mode

4 Down Down No flight termination

[0064] For the system state 1 example, in which the navigation capability is up and the communication link is down,
the appropriate action is a contingency landing procedure. The contingency landing procedure may resultin a controlled
landing, either at one of the defined SLZs 190, or somewhere between the current position 112 from which the contingency
landing procedure was initiated, and one of the SLZs (at times referred to as an immediate landing or flight termination),
as described herein.

[0065] In some example implementations, the decision-making process incorporates a Human Autonomy Teaming
(HAT) approach that includes input from the PiC for various functions and/or decision (e.g., system states 2 and 3 when
the communication link is functional), as shown at block 410. When the navigation capability of the UAV 110 is functional
(e.g., system state 2), the system may work together with the PiC to address the contingency event. In keeping with
block 410, the PiC may be presented with a choice between taking over manual control (manual mode) of the UAV 110,
continuing the mission in case of minor contingencies, or starting a contingency landing (CTL) procedure, as shown at
blocks 414-418.

[0066] For the system state 3 example, when the UAS 101 is unable to navigate, the UAV 110 may attempt to hold
its current position, as shown at block 412, using remaining navigation systems such as inertial and vision-based nav-
igation, and then may switch to a manual flight mode in which the PiC controls the UAV, as shown at block 418. The
hold position may include a stabilized mode in which the altitude and position of the UAV are held as long as no input
is received from the PiC. This may allow the PiC to attempt a safe landing (in keeping with "manual mode" shown at
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block 418) using camera feeds from the UAV and other available means of gaining situational awareness such as
interactive maps or sonar data.

[0067] When both the navigation capability and the communication link are down (e.g., the system state 4 example),
the contingency event may pose a significant threat to the safety of the operation. In system state 4, the remaining flight
time of the UAV 110 may be limited to a minimum in order to minimize the air risk. In keeping with blocks 404, 408, and
420, the UAS 101 may immediately enter flight termination mode, thereby starting a landing procedure to land the UAV
at its current position 112 and triggering a flight termination system in case of deteriorating conditions during landing.
[0068] The contingency landing procedure may be initiated by the contingency management system in order to safely
reach and land at one of the pre-defined SLZs 190 or the takeoff location, thereby abandoning the original mission. FIG.
4B shows a flowchart of the procedure, which is a continuation from block 414 of FIG. 4A.

[0069] As shown in Table | and FIG. 4B, the contingency landing procedure may be initiated by the contingency
management system when the navigation capability is functional ("up"). The communication link may or may not be
functional (e.g., system states 1 and 2). FIG. 4B shows the contingency landing procedure having two branches exhibiting
different levels of automation-a fully-automatic and a semi-automatic mode, to calculate risk, as shown at block 426.
The branching may take place after the risk value has been calculated.

[0070] The fully-automatic mode, depicted on the left side of FIG. 4B, may be feasible in any contingency landing
procedure scenario, whereas the semi-automatic mode shown on the right side of FIG. 4B may only be performed when
the communication link is functional.

[0071] In examples using the fully-automatic mode, the SLZ 190 with the lowest risk value is identified, and if the risk
is acceptable (e.g., less than or equal to a flight termination risk value), the UAV 110 may fly toward this SLZ and land
there, as shown at blocks 428 (COMPARE SLZ & FT RISK), 430 (SELECT BEST SLZ), 432 (PROCEED TO SLZ until
ARRIVED AT SLZ), and 446A (LAND AT SLZ). If this risk is not acceptable (e.g., greater than a flight termination risk
value), then flight termination may be triggered, as shown at block 448A. For the semi-automatic case, the process may
include added complexity due to inclusion of the PiC in the decision making as part of the HAT approach in the contingency
management system, and the functional communication link may allow for continuous risk data updates, as shown at
blocks 434 (DISPLAY RISK, TRAJECTORIES & FACTORS, OPTIONS), 436 (PiC SELECTS SLZ), 438 (PiC MODIFIES
TRAJECTORY), 440 (PROCEED TO SLZ until ARRIVED AT SLZ), 442 (UPDATE RISK DATA), 444 (RECALCULATE
SLZ & FT RISK), and 446B (LAND AT SLZ).

[0072] In some example implementations, the contingency landing procedure filters (e.g., pre-filters) available SLZs
190 from a database of databases 421 that may also include aeronautical data such as data describing the terrain,
obstacles and airspace, and a risk map 200 with risk weighting factors, as shown at block 422. The filtering may be
based on a reachability assessment that takes into account the direct distance from the UAV 110 to an SLZ and the
estimated current range of the UAV based on its remaining power level. In the fully automatic mode, this assessment
may utilize simple computations to avoid consuming the remaining power level of the UAV for computationally intensive
processing tasks involving a potentially high number of SLZs to be considered. The filtering is to reduce the number of
SLZs in preparation for more computationally intensive steps following the reachability assessment. This reachability
assessment may be skipped if the total number of SLZs is low (e.g., 10 or less).

[0073] In examples using the semi-automatic mode, most processes may be performed in a manner similar to the
fully-automatic mode. However, the PiC is able to provide input or override proposed decisions. Ergonomic user interfaces
allow the PiC to view relevant data and provide input for decisions as part of the HAT approach.

[0074] In the semi-automatic mode, the SLZs 190 that were filtered out at block 422 are still available and shown to
the PiC when requested. As shown at block 424, trajectories 170 are generated in the same manner as for the fully-
automatic mode, and may use the aeronautical data such as the data describing the terrain, obstacles and airspace
from the databases 421. Additionally, the PiC has the option of adjusting the risk weighting factors (not shown). The
resulting risk value associated with each SLZ 190 is displayed along with the trajectories 170 (e.g., the risk values may
be shown in an ordered, color-coded list, while the trajectories may be shown on the risk map 200). This visual feedback
may be provided to the PiC in keeping with FIG. 2.

[0075] As shown at block 438, the PiC may modify specific trajectories 170 (e.g., by moving the waypoints forming
the trajectory and/or by defining additional waypoint parameters). In keeping with block 440, if the PiC does not confirm
a selected SLZ 190 and trajectory within a specified time window and does not perform any actions, an automatic timeout
may be used to confirm selection of the best SLZ (the SLZ with the lowest risk value) and computed trajectory.

[0076] Once the trajectory 170 and SLZ 190 are confirmed, either by the PiC or by automatic timeout, the risk for the
trajectory to the SLZ 190, as well as the current risk for flight termination may be continuously recalculated by updating
the risk map, as shown at blocks 442 and 444. If flight termination is safer than continuing to the SLZ at any point along
the trajectory, indicated when an updated lowest of the risk values is greater than an updated flight termination risk
value , then flight termination may be triggered as shown at block 448B. If not, the UAV 110 may continue to the SLZ
as shown at block 446B.

[0077] In some example implementations, data that is subject to rapid changes (e.g., the number of people in an area,
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real-time traffic conditions, etc.) may be updated continuously throughout the flight as long as the communication link
is functional. Updating of the data may be done through the GCS 130 in order to keep processing, storage, and bandwidth
needs of the computers and buses onboard the UAV 110 from being utilized for additional computationally intensive
tasks. The updating may include the GCS retrieving aggregated data from the server 140. The retrieved aggregated
data may be processed into update packages that are then transferred to the UAV computer responsible for replacing
old data in the risk map 200 with the updated data.

[0078] According to example implementations of the present disclosure, the apparatus 120 may be implemented by
various means. Means for implementing the apparatus may include hardware, alone or under direction of one or more
computer programs from a computer-readable storage medium. In some examples, one or more apparatuses may be
configured to function as or otherwise implement the apparatus shown and described herein. In examples involving
more than one apparatus, the respective apparatuses may be connected to or otherwise in communication with one
another in a number of different manners, such as directly or indirectly via a wired or wireless network or the like.
[0079] FIG. 5 illustrates an apparatus 500 that may correspond to the apparatus 120, according to some example
implementations of the present disclosure. Generally, an apparatus of exemplary implementations of the present dis-
closure may comprise, include or be embodied in one or more fixed or portable electronic devices. Examples of suitable
electronic devices include a smartphone, tablet computer, laptop computer, desktop computer, workstation computer,
server computer or the like. The apparatus may include one or more of each of a number of components such as, for
example, processing circuitry 502 (e.g., processor unit) connected to a memory 504 (e.g., storage device).

[0080] The processing circuitry 502 may be composed of one or more processors alone or in combination with one
or more memories. The processing circuitry is generally any piece of computer hardware that is capable of processing
information such as, for example, data, computer programs and/or other suitable electronic information. The processing
circuitry is composed of a collection of electronic circuits some of which may be packaged as an integrated circuit or
multiple interconnected integrated circuits (an integrated circuit at times more commonly referred to as a "chip"). The
processing circuitry may be configured to execute computer programs, which may be stored onboard the processing
circuitry or otherwise stored in the memory 504 (of the same or another apparatus).

[0081] The processing circuitry 502 may be a number of processors, a multi-core processor or some other type of
processor, depending on the particular implementation. Further, the processing circuitry may be implemented using a
number of heterogeneous processor systems in which amain processor is present with one or more secondary processors
on a single chip. As another illustrative example, the processing circuitry may be a symmetric multi-processor system
containing multiple processors of the same type. In yet another example, the processing circuitry may be embodied as
or otherwise include one or more ASICs, FPGAs or the like. Thus, although the processing circuitry may be capable of
executing a computer program to perform one or more functions, the processing circuitry of various examples may be
capable of performing one or more functions without the aid of a computer program. In either instance, the processing
circuitry may be appropriately programmed to perform functions or operations according to example implementations
of the present disclosure.

[0082] The memory 504 is generally any piece of computer hardware that is capable of storing information such as,
for example, data, computer programs (e.g., computer-readable program code 506) and/or other suitable information
either on a temporary basis and/or a permanent basis. The memory may include volatile and/or non-volatile memory,
and may be fixed or removable. Examples of suitable memory include random access memory (RAM), read-only memory
(ROM), a hard drive, a flash memory, a thumb drive, a removable computer diskette, an optical disk, a magnetic tape
or some combination of the above. Optical disks may include compact disk - read only memory (CD-ROM), compact
disk - read/write (CD-R/W), DVD or the like. In various instances, the memory may be referred to as a computer-readable
storage medium. The computer-readable storage medium is a non-transitory device capable of storing information, and
is distinguishable from computer-readable transmission media such as electronic transitory signals capable of carrying
information from one location to another. Computer-readable medium as described herein may generally refer to a
computer-readable storage medium or computer-readable transmission medium.

[0083] In addition to the memory 504, the processing circuitry 502 may also be connected to one or more interfaces
for displaying, transmitting and/or receiving information. The interfaces may include a communications interface 508
(e.g., communications unit) and/or one or more user interfaces. The communications interface may be configured to
transmit and/or receive information, such as to and/or from other apparatus(es), network(s) or the like. The communi-
cations interface may be configured to transmit and/or receive information by physical (wired) and/or wireless commu-
nications links. Examples of suitable communication interfaces include a network interface controller (NIC), wireless NIC
(WNIC) or the like.

[0084] The user interfaces may include a display 510 and/or one or more user input interfaces 512 (e.g., input/output
unit). The display may be configured to present or otherwise display information to a user, suitable examples of which
include a liquid crystal display (LCD), light-emitting diode display (LED), plasma display panel (PDP) or the like. The
user input interfaces may be wired or wireless, and may be configured to receive information from a user into the
apparatus, such as for processing, storage and/or display. Suitable examples of user input interfaces include a micro-
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phone, image or video capture device, keyboard or keypad, joystick, touch-sensitive surface (separate from or integrated
into a touchscreen), biometric sensor or the like. The user interfaces may further include one or more interfaces for
communicating with peripherals such as printers, scanners or the like.

[0085] As indicated above, program code instructions may be stored in memory, and executed by processing circuitry
that is thereby programmed, to implement functions of the systems, subsystems, tools and their respective elements
described herein. As will be appreciated, any suitable program code instructions may be loaded onto a computer or
other programmable apparatus from a computer-readable storage medium to produce a particular machine, such that
the particular machine becomes a means for implementing the functions specified herein. These program code instruc-
tions may also be stored in a computer-readable storage medium that can direct a computer, a processing circuitry or
other programmable apparatus to function in a particular manner to thereby generate a particular machine or particular
article of manufacture. The instructions stored in the computer-readable storage medium may produce an article of
manufacture, where the article of manufacture becomes a means for implementing functions described herein. The
program code instructions may be retrieved from a computer-readable storage medium and loaded into a computer,
processing circuitry or other programmable apparatus to configure the computer, processing circuitry or other program-
mable apparatus to execute operations to be performed on or by the computer, processing circuitry or other programmable
apparatus.

[0086] Retrieval, loading and execution of the program code instructions may be performed sequentially such that
one instruction is retrieved, loaded and executed at a time. In some example implementations, retrieval, loading and/or
execution may be performed in parallel such that multiple instructions are retrieved, loaded, and/or executed together.
Execution of the program code instructions may produce a computer-implemented process such that the instructions
executed by the computer, processing circuitry or other programmable apparatus provide operations for implementing
functions described herein.

[0087] Execution of instructions by a processing circuitry, or storage of instructions in a computer-readable storage
medium, supports combinations of operations for performing the specified functions. In this manner, an apparatus 500
may include a processing circuitry 502 and a computer-readable storage medium or memory 504 coupled to the process-
ing circuitry, where the processing circuitry is configured to execute computer-readable program code 506 stored in the
memory. It will also be understood that one or more functions, and combinations of functions, may be implemented by
special purpose hardware-based computer systems and/or processing circuitry which perform the specified functions,
or combinations of special purpose hardware and program code instructions.

[0088] Further, the disclosure comprises examples according to the following clauses:

Clause 1. An apparatus for causing an unmanned aerial vehicle (UAV) to perform a contingency landing procedure,
the apparatus comprising: a memory configured to store computer-readable program code; and processing circuitry
configured to access the memory and execute the computer-readable program code to cause the apparatus to at
least: determine candidate safe landing zones (SLZs) within an estimated current range of the UAV from a current
position; generate trajectories for landing the UAV in respective ones of the candidate SLZs based on environmental
and operational factors that affect flight of the UAV from the current position to the respective ones of the candidate
SLZs; calculate risk values that quantify third-party risk associated with operation of the UAV along respective ones
of the trajectories to the respective ones of the candidate SLZs, alowest of the risk values associated with a trajectory
from the current position to a selected one of the candidate SLZs; calculate a flight termination risk value that
quantifies third-party risk associated with immediately landing the UAV at the current position; perform a comparison
of the lowest of the risk values with the flight termination risk value; and execute a sequence to operate the UAV
along the trajectory to the selected one of the candidate SLZs, or immediately land the UAV at the current position,
based on the comparison.

Clause 2. The apparatus of clause 1, wherein the processing circuitry is further configured to cause the apparatus
located onboard the UAV to autonomously execute the sequence without input from a ground control station (GCS),
wherein the GCS and the UAV are part of an unmanned aerial system.

Clause 3. The apparatus of any of clauses 1-2, wherein the UAV is part of an unmanned aerial system that also
includes a ground control station (GCS), the apparatus is located at the GCS, and the apparatus is caused to execute
the sequence through remote control of the UAV from the GCS.

Clause 4. The apparatus of any of clauses 1-3, wherein the processing circuitry is configured to execute the computer-
readable program code to further cause the apparatus to: generate or receive a risk map of a geographic area of
operation of the UAV, the risk map including risk zones with respective risk categories having respective risk weighting
factors that quantify third-party risk associated with operation of the UAV in the risk zones, wherein the trajectories
intersect various ones of the risk zones, and the risk values are calculated based on the respective risk weighting
factors.

Clause 5. The apparatus of clause 4, wherein the apparatus caused to generate the trajectories includes, for a
candidate SLZ, the apparatus caused to interpolate a straight line from the current position to the candidate SLZ
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and thereby generate a trajectory to the candidate SLZ, and wherein the apparatus caused to calculate the risk
values includes, for the trajectory, the apparatus caused to: separate the trajectory into segments at points of
intersection with one or more of the risk zones; and calculate a risk value for the candidate SLZ from the segments
and risk weighting factors for the one or more of the risk zones.

Clause 6. The apparatus of any of clauses 4-5, wherein the straight line is a certain distance and includes a total
number of discrete points over the certain distance, and the apparatus caused to separate the trajectory includes,
for each risk zone of the one or more risk zones, the apparatus caused to: determine a ratio of a number of discrete
points on the trajectory located inside the risk zone to the total number of the discrete points of the trajectory; and
calculate the product of the ratio and the certain distance and thereby an intersection length of the risk zone.
Clause 7. The apparatus of any of clauses 4-6, wherein the apparatus caused to calculate the risk value for the
candidate SLZ includes the apparatus caused to: calculate risk-zone risk values for respective ones of the one or
more risk zones, a risk-zone risk value for the risk zone being the product of the intersection length of the risk zone
and a risk weighting factor of a risk category of the risk zone; and sum the risk-zone risk values to calculate the risk
value for the candidate SLZ.

Clause 8. The apparatus of clause 4, wherein the apparatus is caused to execute the sequence to operate the UAV
along the trajectory to the selected one of the candidate SLZs, and utilizing an updated current position along the
trajectory, the processing circuitry is configured to execute the computer-readable program code to cause the
apparatus to further: generate or receive an updated risk map of the geographic area of operation of the UAV, the
updated risk map including the risk zones with respective updated risk categories having respective updated risk
weighting factors; calculate an updated lowest of the risk values and an updated flight termination risk value based
on the respective updated risk weighting factors; and interrupt the sequence to immediately land the UAV at the
updated current position when the updated lowest of the risk values is greater than the updated flight termination
risk value.

Clause 9. The apparatus of any of clauses 1-8, wherein the apparatus is caused to execute the sequence to operate
the UAV along the trajectory to the selected one of the candidate SLZs when the lowest of the risk values is less
than or equal to the flight termination risk value, and to immediately land the UAV at the current position when the
lowest of the risk values is greater than the flight termination risk value.

Clause 10. The apparatus of any of clauses 1-9, wherein the apparatus is caused to execute the sequence to operate
the UAV along the trajectory to the selected one of the candidate SLZs, and utilizing an updated current position
along the trajectory, the processing circuitry is configured to execute the computer-readable program code to cause
the apparatus to further: calculate an updated lowest of the risk values and an updated flight termination risk value;
and interrupt the sequence to immediately land the UAV at the updated current position when the updated lowest
of the risk values is greater than the updated flight termination risk value.

Clause 11. The apparatus of any of clauses 1-10, wherein the apparatus is caused to execute the sequence to
operate the UAV along the trajectory to the selected one of the candidate SLZs, and utilizing an updated current
position along the trajectory, the processing circuitry is configured to execute the computer-readable program code
to cause the apparatus to further: determine updated candidate SLZs within an updated estimated current range of
the UAV from the updated current position, the updated candidate SLZs including the selected one of the candidate
SLZs; generate updated trajectories for landing the UAV in respective ones of the updated candidate SLZs; calculate
updated risk values and an updated flight termination risk value, a lowest of the updated risk values associated with
an updated trajectory from the updated current position to a selected one of the updated candidate SLZs; perform
a comparison of the lowest of the updated risk values with the updated flight termination risk value; and execute an
updated sequence to operate the UAV along the updated trajectory to the selected one of the updated candidate
SLZs, or immediately land the UAV at the updated current position, based on the comparison.

Clause 12. A method of performing a contingency landing procedure for an unmanned aerial vehicle (UAV), the
method comprising: determining candidate safe landing zones (SLZs) within an estimated current range of the UAV
from a current position; generating trajectories for landing the UAV in respective ones of the candidate SLZs based
on environmental and operational factors that affect flight of the UAV from the current position to the respective
ones of the candidate SLZs; calculating risk values that quantify third-party risk associated with operation of the
UAYV along respective ones of the trajectories to the respective ones of the candidate SLZs, a lowest of the risk
values associated with a trajectory from the current position to a selected one of the candidate SLZs; calculating a
flight termination risk value that quantifies third-party risk associated with immediately landing the UAV at the current
position; performing a comparison of the lowest of the risk values with the flight termination risk value; and executing
a sequence to operate the UAV along the trajectory to the selected one of the candidate SLZs, or immediately land
the UAV at the current position, based on the comparison.

Clause 13. The method of clause 12, wherein the UAV is part of an unmanned aerial system that also includes a
ground control station (GCS), the method is performed onboard the UAV, and the sequence is autonomously
executed without input from the GCS.
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Clause 14. The method of any of clauses 12-13, wherein the UAV is part of an unmanned aerial system that also
includes a ground control station (GCS), the method is performed at the GCS, and the sequence is executed through
remote control of the UAV from the GCS.

Clause 15. The method of any of clauses 12-14 further comprising: generating or receiving a risk map of a geographic
area of operation of the UAV, the risk map including risk zones with respective risk categories having respective
risk weighting factors that quantify third-party risk associated with operation of the UAV in the risk zones, wherein
the trajectories intersect various ones of the risk zones, and the risk values are calculated based on the respective
risk weighting factors.

Clause 16. The method of clause 15, wherein generating the trajectories includes for a candidate SLZ, interpolating
a straight line from the current position to the candidate SLZ and thereby generating a trajectory to the candidate
SLZ, and wherein calculating the risk values includes for the trajectory: separating the trajectory into segments at
points of intersection with one or more of the risk zones; and calculating a risk value for the candidate SLZ from the
segments and risk weighting factors for the one or more of the risk zones.

Clause 17. The method of clause 16, wherein the straight line is a certain distance and includes a total number of
discrete points over the certain distance, and separating the trajectory includes for each risk zone of the one or more
risk zones: determining a ratio of a number of discrete points on the trajectory located inside the risk zone to the
total number of the discrete points of the trajectory; and calculating the product of the ratio and the certain distance
and thereby an intersection length of the risk zone.

Clause 18. The method of any of clauses 15-17, wherein calculating the risk value for the candidate SLZ includes:
calculating risk-zone risk values for respective ones of the one or more risk zones, a risk-zone risk value for the risk
zone being the product of the intersection length of the risk zone and a risk weighting factor of a risk category of the
risk zone; and summing the risk-zone risk values to calculate the risk value for the candidate SLZ.

Clause 19. The method of clause 15, wherein the sequence is executed to operate the UAV along the trajectory to
the selected one of the candidate SLZs, and utilizing an updated current position along the trajectory, the method
further comprises: generating or receiving an updated risk map of the geographic area of operation of the UAV, the
updated risk map including the risk zones with respective updated risk categories having respective updated risk
weighting factors; calculating an updated lowest of the risk values and an updated flight termination risk value based
on the respective updated risk weighting factors; and interrupting the sequence to immediately land the UAV at the
updated current position when the updated lowest of the risk values is greater than the updated flight termination
risk value.

Clause 20. The method of any of clauses 12-19, wherein the sequence is executed to operate the UAV along the
trajectory to the selected one of the candidate SLZs when the lowest of the risk values is less than or equal to the
flight termination risk value, and to immediately land the UAV at the current position when the lowest of the risk
values is greater than the flight termination risk value.

Clause 21. The method of any of clauses 12-20, wherein the sequence is executed to operate the UAV along the
trajectory to the selected one of the candidate SLZs, and utilizing an updated current position along the trajectory,
the method further comprises: calculating an updated lowest of the risk values and an updated flight termination
risk value; and interrupting the sequence to immediately land the UAV at the updated current position when the
updated lowest of the risk values is greater than the updated flight termination risk value.

Clause 22. The method of any of clauses 12-21, wherein the sequence is executed to operate the UAV along the
trajectory to the selected one of the candidate SLZs, and utilizing an updated current position along the trajectory,
the method further comprises: determining updated candidate SLZs within an updated estimated current range of
the UAV from the updated current position, the updated candidate SLZs including the selected one of the candidate
SLZs; generating updated trajectories for landing the UAV in respective ones of the updated candidate SLZs;
calculating updated risk values and an updated flight termination risk value, a lowest of the updated risk values
associated with an updated trajectory from the updated current position to a selected one of the updated candidate
SLZs; performing a comparison of the lowest of the updated risk values with the updated flight termination risk value;
and executing an updated sequence to operate the UAV along the updated trajectory to the selected one of the
updated candidate SLZs, or immediately land the UAV at the updated current position, based on the comparison.

[0089] Many modifications and other implementations of the disclosure set forth herein will come to mind to one skilled
in the art to which the disclosure pertains having the benefit of the teachings presented in the foregoing description and
the associated figures. Therefore, it is to be understood that the disclosure is not to be limited to the specific implemen-
tations disclosed and that modifications and other implementations are intended to be included within the scope of the
appended claims. Moreover, although the foregoing description and the associated figures describe example implemen-
tations in the context of certain example combinations of elements and/or functions, it should be appreciated that different
combinations of elements and/or functions may be provided by alternative implementations without departing from the
scope of the appended claims. In this regard, for example, different combinations of elements and/or functions than
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those explicitly described above are also contemplated as may be set forth in some of the appended claims. Although
specific terms are employed herein, they are used in a generic and descriptive sense only and not for purposes of limitation.

Claims

1. An apparatus (120, 500) for causing an unmanned aerial vehicle (or UAV) (110) to perform a contingency landing
procedure, the apparatus comprising:

a memory (504) configured to store computer-readable program code (506); and
processing circuitry (502) configured to access the memory and execute the computer-readable program code
to cause the apparatus to at least:

determine (302) candidate safe landing zones (or SLZs) (190) within an estimated current range of the UAV
from a current position (112);

generate (304) trajectories (170) for landing the UAV in respective ones of the candidate SLZs based on
environmental and operational factors that affect flight of the UAV from the current position to the respective
ones of the candidate SLZs;

calculate (308) risk values that quantify third-party risk associated with operation of the UAV along respective
ones of the trajectories to the respective ones of the candidate SLZs, a lowest of the risk values associated
with a trajectory from the current position to a selected one of the candidate SLZs;

calculate (310) a flight termination risk value that quantifies third-party risk associated with immediately
landing the UAV at the current position;

perform (312) a comparison of the lowest of the risk values with the flight termination risk value; and
execute (314) a sequence to operate the UAV along the trajectory to the selected one of the candidate
SLZs, or immediately land the UAV at the current position, based on the comparison.

2. The apparatus (120, 500) of claim 1, wherein at least one of:

the apparatus is located onboard the UAV (110) and the processing circuitry (502) is further configured to cause
the apparatus located onboard the UAV (110) to autonomously execute the sequence without input from a
ground control station (or GCS) (130), wherein the GCS and the UAV are part of an unmanned aerial system
(101); and

the UAV (110) is part of an unmanned aerial system (101) that also includes a ground control station (GCS)
(130), the apparatus is located at the GCS, and the apparatus is caused to execute the sequence through
remote control of the UAV from the GCS.

3. The apparatus (120, 500) of any of claims 1-2, wherein the processing circuitry (502) is configured to execute the
computer-readable program code (506) to further cause the apparatus to:

generate or receive (306) a risk map (200) of a geographic area of operation of the UAV (110), the risk map
including risk zones (220) with respective risk categories having respective risk weighting factors that quantify
third-party risk associated with operation of the UAV in the risk zones,

wherein the trajectories (170) intersect various ones of the risk zones, and the risk values are calculated (308)
based on the respective risk weighting factors.

4. The apparatus (120, 500) of claim 3, wherein the apparatus caused to generate (304) the trajectories (170) includes,
for a candidate SLZ (190), to be caused to interpolate a straight line from the current position (112) to the candidate
SLZ and thereby generate a trajectory to the candidate SLZ, and
wherein the apparatus caused to calculate (308) the risk values includes, for the trajectory, to be caused to:

separate (308A) the trajectory into segments (170A, 170B) at points of intersection with one or more of the risk
zones (220); and

calculate (308B) a risk value for the candidate SLZ from the segments and risk weighting factors for the one or
more of the risk zones.

5. The apparatus (120, 500) of claim 4, wherein the straight line is a certain distance and includes a total number of
discrete points over the certain distance, and the apparatus caused to separate (308A) the trajectory (170) includes,
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for each risk zone (220) of the one or more risk zones, to be caused to:

determine (308A1) a ratio of a number of discrete points on the trajectory located inside the risk zone to the
total number of the discrete points of the trajectory; and

calculate (308A2) the product of the ratio and the certain distance and thereby an intersection length of the risk
zone.

6. Theapparatus (120, 500) of claim 5, wherein the apparatus caused to calculate (308B) the risk value for the candidate
SLZ (190) includes to be caused to:

calculate (308B1) risk-zone risk values for respective ones of the one or more risk zones (220), a risk-zone risk
value for the risk zone being the product of the intersection length of the risk zone and a risk weighting factor
of a risk category of the risk zone; and

sum (308B2) the risk-zone risk values to calculate the risk value for the candidate SLZ.

7. The apparatus (120, 500) of claim 3, wherein the apparatus is caused to execute (314) the sequence to operate
the UAV (110) along the trajectory (170) to the selected one of the candidate SLZs (190), and utilizing an updated
current position (112) along the trajectory, the processing circuitry (502) is configured to execute the computer-
readable program code (506) to cause the apparatus to further:

generate or receive (316) an updated risk map (200) of the geographic area of operation of the UAV (110), the
updated risk map including the risk zones (220) with respective updated risk categories having respective
updated risk weighting factors;

calculate (318) an updated lowest of the risk values and an updated flight termination risk value based on the
respective updated risk weighting factors; and

interrupt (320) the sequence to immediately land the UAV at the updated current position when the updated
lowest of the risk values is greater than the updated flight termination risk value.

8. The apparatus (120, 500) of any of claims 1-7, wherein at least one of:

the apparatus is caused to execute (314) the sequence to operate the UAV (110) along the trajectory (170) to
the selected one of the candidate SLZs (190) when the lowest of the risk values is less than or equal to the
flight termination risk value, and to immediately land the UAV at the current position (112) when the lowest of
the risk values is greater than the flight termination risk value;

the apparatus is caused to execute (314) the sequence to operate the UAV (110) along the trajectory (170) to
the selected one of the candidate SLZs (190), and utilizing an updated current position (112) along the trajectory,
the processing circuitry (502) is configured to execute the computer-readable program code (506) to cause the
apparatus to further: calculate (318) an updated lowest of the risk values and an updated flight termination risk
value; and interrupt (320) the sequence to immediately land the UAV at the updated current position when the
updated lowest of the risk values is greater than the updated flight termination risk value; and

the apparatus is caused to execute (314) the sequence to operate the UAV (110) along the trajectory (170) to
the selected one of the candidate SLZs (190), and utilizing an updated current position (112) along the trajectory,
the processing circuitry (502) is configured to execute the computer-readable program code (506) to cause the
apparatus to further: determine (322) updated candidate SLZs within an updated estimated current range of
the UAV from the updated current position, the updated candidate SLZs including the selected one of the
candidate SLZs; generate (324) updated trajectories for landing the UAV in respective ones of the updated
candidate SLZs; calculate (326) updated risk values and an updated flight termination risk value, a lowest of
the updated risk values associated with an updated trajectory from the updated current position to a selected
one of the updated candidate SLZs; perform (328) a comparison of the lowest of the updated risk values with
the updated flight termination risk value; and execute (330) an updated sequence to operate the UAV along the
updated trajectory to the selected one of the updated candidate SLZs, or immediately land the UAV at the
updated current position, based on the comparison.

9. A method (300) of performing a contingency landing procedure for an unmanned aerial vehicle (UAV) (110), the
method comprising:

determining (302) candidate safe landing zones (SLZs) (190) within an estimated current range of the UAV
from a current position (112);
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generating (304) trajectories (170) for landing the UAV in respective ones of the candidate SLZs based on
environmental and operational factors that affect flight of the UAV from the current position to the respective
ones of the candidate SLZs;

calculating (308) risk values that quantify third-party risk associated with operation of the UAV along respective
ones of the trajectories to the respective ones of the candidate SLZs, a lowest of the risk values associated
with a trajectory from the current position to a selected one of the candidate SLZs;

calculating (310) a flight termination risk value that quantifies third-party risk associated with immediately landing
the UAV at the current position;

performing (312) a comparison of the lowest of the risk values with the flight termination risk value; and
executing (314) a sequence to operate the UAV along the trajectory to the selected one of the candidate SLZs,
or immediately land the UAV at the current position, based on the comparison.

The method (300) of claim 9, wherein at least one of:

the UAV (110) is part of an unmanned aerial system (101) that also includes a ground control station (GCS)
(130), the method is performed onboard the UAV, and the sequence is autonomously executed without input
from the GCS; and

the UAV (110) is part of an unmanned aerial system (101) that also includes a ground control station (GCS)
(130), the method is performed at the GCS, and the sequence is executed through remote control of the UAV
from the GCS.

The method (300) of any of claims 9-10 further comprising:

generating or receiving (306) a risk map (200) of a geographic area of operation of the UAV (110), the risk map
including risk zones (220) with respective risk categories having respective risk weighting factors that quantify
third-party risk associated with operation of the UAV in the risk zones,

wherein the trajectories (170) intersect various ones of the risk zones, and the risk values are calculated (308)
based on the respective risk weighting factors.

The method (300) of claim 11, wherein generating (304) the trajectories (170) includes for a candidate SLZ (190),
interpolating a straight line from the current position (112) to the candidate SLZ and thereby generating a trajectory
to the candidate SLZ, and

wherein calculating (308) the risk values includes for the trajectory:

separating (308A) the trajectory into segments (170A, 170B) at points of intersection with one or more of the
risk zones (220); and

calculating (308B) a risk value for the candidate SLZ from the segments and risk weighting factors for the one
or more of the risk zones.

The method (300) of claim 12, wherein the straight line is a certain distance and includes a total number of discrete
points over the certain distance, and separating (308A) the trajectory (170) includes for each risk zone (220) of the
one or more risk zones:

determining (308A1) a ratio of a number of discrete points on the trajectory located inside the risk zone to the
total number of the discrete points of the trajectory; and

calculating (308A2) the product of the ratio and the certain distance and thereby an intersection length of the
risk zone.

The method (300) of claim 13, wherein calculating (308B) the risk value for the candidate SLZ (190) includes:
calculating (308B1) risk-zone risk values for respective ones of the one or more risk zones (220), a risk-zone
risk value for the risk zone being the product of the intersection length of the risk zone and a risk weighting
factor of a risk category of the risk zone; and
summing (308B2) the risk-zone risk values to calculate the risk value for the candidate SLZ.

The method (300) of any of claims 9-14, wherein at least one of:

the sequence is executed (314) to operate the UAV (110) along the trajectory (170) to the selected one of the
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candidate SLZs (190) when the lowest of the risk values is less than or equal to the flight termination risk value,
and to immediately land the UAV at the current position (112) when the lowest of the risk values is greater than
the flight termination risk value;

the sequence is executed (314) to operate the UAV (110) along the trajectory (170) to the selected one of the
candidate SLZs (190), and utilizing an updated current position (112) along the trajectory, the method further
comprises: calculating (318) an updated lowest of the risk values and an updated flight termination risk value;
and interrupting (320) the sequence to immediately land the UAV at the updated current position when the
updated lowest of the risk values is greater than the updated flight termination risk value; and

the sequence is executed (314) to operate the UAV (110) along the trajectory (170) to the selected one of the
candidate SLZs (190), and utilizing an updated current position (112) along the trajectory, the method further
comprises: determining (322) updated candidate SLZs within an updated estimated current range of the UAV
from the updated current position, the updated candidate SLZs including the selected one of the candidate
SLZs; generating (324) updated trajectories for landing the UAV in respective ones of the updated candidate
SLZs; calculating (326) updated risk values and an updated flight termination risk value, a lowest of the updated
risk values associated with an updated trajectory from the updated current position to a selected one of the
updated candidate SLZs; performing (328) a comparison of the lowest of the updated risk values with the
updated flight termination risk value; and executing (330) an updated sequence to operate the UAV along the
updated trajectory to the selected one of the updated candidate SLZs, or immediately land the UAV at the
updated current position, based on the comparison.
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